Cyrstal field splitting and optical band gap of hexagonal LuFeOs films 
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Hexagonal LuFeOa films have been studied using x-ray absorption and optical spectroscopy. The 
crystal splittings of Fe^^ are extracted as E^i — i5e"=0.7 eV and E^i^ — Es>=0.9 eV and a 2.0 eV 
optical band gap is determined assuming a direct gap. First-principles calculations confirm the 
experiments that the relative energies of crystal field splitting states do follow S^/ > Eg,/ > E^ii 
with slightly underestimated values and a band gap of 1.35 eV. 
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Hexagonal mangnites (RMnOa, R=Sc, Y, Ho-Lu) be- 
long to multiferroic materials that simultaneously exhibit 
more than one type of ferroic order, advantageous over 
other existing materials in terms of new types of in- 
formation processing and storage. P, [3| The robust fer- 
roelectricity in RMnOs (Tc--1000 K, 5 ^iC/cm^) 
originates from the instability of the MnOs trigonal- 
bipyramid rotation that renders soft zone-center modes 
involving the vertical displacement of R atoms, break- 
ing the inversion symmetry. [^-Q The ordering of mag- 
netic moments in RMnOa sets in at Tat'^IOO K, below 
which the interesting magnetoelectric coupling has been 
demonstrated. [1, 0| 

On the other hand, hexagonal RFeOs (h-RFeOa) are 
not stable in free standing bulk form. They can be sta- 
bilized by quenching a levitated melt in an aerodynamic 
levitation furnace or in solvothermal reactions. |8l4ll| In 
addition, h-LuFeOa has also been stabilized in films using 
pulsed laser deposition (PLD) and metal-organic chemi- 
cal vapor deposition on yttrium stabilized zirconium ox- 
ides (YSZ) and Al9 0^.p'a-[l5| The structural characteri- 
zation indicates that h-LuFeOa is isomorphic to RMnOa 
with space group PBscm (185). The similar crystallo- 
graphic structure of h-RFeOs and RMnOa suggest that h- 
RFeOs is also ferroelectric. (iTi [l^ [T^ The larger spin on 
Fe'^"'" compared with Mn"^"*" in principle generates stronger 
spin-spin interactions, allowing for higher magnetic or- 
dering temperature, which has been suggested by recent 
experiments. [l3l [ij, [l^ In stark contrast to the large 
amount of work devoted to RMnOa , detailed studies on 
the h-RFeOs, and especially of the electronic structures, 
are still lacking. [4l ll7Hl9j 

In this paper, we investigate the electronic properties 
of h-LuFeOs films using x-ray absorption and optical 
spectroscopy. The analysis of the x-ray absorption spec- 
tra (XAS) using crystal field theory reveal a splitting of 



the Fe 3d levels significantly higher than that of Fe'^"'" 
in Lu2Fe04, indicating stronger Fe-0 interactions. The 
extracted optical band gap from optical absorption spec- 
tra is 2.0 ±0.1 eV, somewhat smaller than that of per- 
ovskite ferrites.|201 The experimental findings have been 
confirmed by our electronic structure calculations. 

The XAS was studied on 50 nm h-LuFeOa films grown 
on AI2O3 substrates using PLD with 30 nm Pt buffer 
layer (FigHIa)) to avoid charging effect. The XAS was 
taken at beam line 4-ID-C at the Advanced Photon 
Source using polarized synchrotron x-rays. A 20 nm thick 
h-LuFeOa film was grown on a YSZ substrate using PLD 
(Figlljb)) for optical spectroscopy measurements. Part 
of the substrate was covered by a mask at growth so it 
can be used as a reference in the optical transmittance 
measurements. Optical spectra were collected in trans- 
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FIG. 1: (Color online) The x-ray diffraction spectra of h- 
LuFeOa films grown on (a) AI2O3 substrates with Pt buffer 
layer and (b) YSZ substrates. 
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FIG. 2; (Color online) Crystal field splittings of Fe site (300 
K). (a) The x-ray absorption spectra corresponding to Fe 2p to 
Fe 3d excitations. The symbols are the calculated matrix ele- 
ments from the initial to the final on-electron states (see text), 
(b) Schematics of the experimental setup, (c) Schematics of 
the local environment of Fe sites, (d) The crystal splittings 
extracted from the XAS spectra. 



mittance mode using a Varian Gary 5000 spectrometer. 

Figure [D^a) shows the XAS corresponding to transi- 
tions from a Fe 2p^M^ to a Fe 2p^?,if multiplet. In the 
spectra, two groups of peaks separated by approximately 
12 eV can be distinguished. For each group, fine struc- 
tures depending on the polarization can be recognized: 
two well-separated peaks (709.1 and 710.7 eV) are ob- 
served for the s polarization, while an additional inten- 
sity is observed for p polarization as a peaks at 709.8 
eV. 

These spectra details are determined by dipole and 
spin selection rules and a combination of effects from 
crystal- field, spin-orbit coupling, d-v and d-d interac- 
tions and Fe Sd O 2p hybridization. [2l|, In terms of 
one-electron energy, the Fe 2p states are split into 2pij2 
and 2p^/2 by the spin-orbit coupling, which has the en- 
ergy scale of 15 eV, resulting in the two groups of ex- 
citations L2 (2pi/2 — >■ 3d) and L3 (2^3/2 3c?) in Fig. 
ma).[2l|, [2^ For the Fe 3d states, the one-electron states 
are mainly split by crystal fields, which is on the order 
of one eV. [22, [23] Here the trigonal-bipyramid local envi- 
ronment of Fe gives rise to a symmetry that can be repre- 
sented by the D^h point group as a good approximation, 
as shown in Fig. [UJc). In this case, Fe 2p orbitals can be 
reduced to states corresponding to irreducible representa- 
tions (IR) e'{x,y) and 02(2) while Fe 3d states split into 
IR e' {xz,yz), e'{xx — yy,xy) and a']^(zz).[24j A recent 
work on LuFe204 in which Fe"^^ also sit in a trigonal- 
bipyramid local environment, has shown that the ener gies 
of these crystal field states follow Ea'^ > E^' > -Be" • 
Similar results are also found for Mn'^+ in a D^h symme- 
try, di] 

According to Hund's rule, the ground states of Fe'^^ 



are a multiplet A'l for a z,p^^2'^^i/2'- 
tronic configuration. In the ionic model that ignores 
hybridization between Fe Sd and O 2p state, the spin- 
allowed excited state multiplets and the corresponding 
one-electron state populations can be listed as shown in 
TABLE mfll, [23 Since the ground state multiplet has a 
symmetry of A[ , the dipole-allowed excited states need to 
contain E' or A2 to satisfy the dipole selection rules for 
a D^fi symmetry, [i^l The resulting dipole-allowed tran- 
sitions are listed in TABLE HI It is clear that the photon 
with z polarization can not excite an electron from Fe 2p 
to Fe 3de' state. These selection rules are verified in the 
L3 part of the XAS: for s polarization, the intensity in 
the middle is much weaker, which suggests that the three 
peaks at 709.1, 709.8 and 710.7 eV are coming from the 
effect of crystal field. 

The transition probability in the XAS depends on the 
matrix elements | < ipilE ■ rlt/j f > p, where the ipi ^'Hd 
Tpf are the initial and final one-electron states, E is the 
direction vector of the electric field, and f is the position 
vector. As shown in Figl^fa) as symbols, the calculated 
matrix elements qualitatively agree with the dichroism 
for L3 excitation. The less obvious agreement for L2 ex- 
citations is presumably due to a mixed energy splitting 
from crystal field and p-d interactions. [2lj The peak posi- 
tions allow for a rough determination of the crystal field 
splittings assuming similar d-d interactions for different 
Fe 3d states: E^, - =0.7 eV and B^; - B;e'=0.9 eV, 
as also shown in Fig. [Did). These splittings are signifi- 
cantly larger than those in LuFe204 (E„ i — Be" =0.4 eV 
and Ea[ - Be'=0.8 eV for Fe^+ sites). Q The differences 
indicate a stronger Fe-0 interactions, as also suggested 
by the different Fe-0 bond length in h-LuFe03 and in 
LuFe204.[il|,[2i 



TABLE I: The spin-allowed excited states and the dipole se- 
lection rules from the ^ A'^{2py.22pl/^Ml,,Ml,M\,) ground 
state with a linearly polarized photon. 
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In order to further elucidate the electronic structure of 
the h-LuFeOs, we measured optical absorption of the h- 
LuFe03 films. The observed spectra (FiglS]) shows three 
peak-like features at approximately 2.3, 2.9 and 3.9 eV, 
consistent with the recently reported optical properties of 
h-HoFe03 and h-ErFeOs films, [l^ Based upon the over- 
all intensity ~ 10^ cm~^, these peaks correlate to dipole- 
allowed excitations. Since the Fe^"*" has a 3d^ configura- 
tion, all the on-site excitations are spin forbidden. There- 
fore, the peak at 2.3 eV is coming from charge transfer 
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FIG. 3: (Color online) Optical absorption coefficient a as a 
function of photon energy. Inset: o? as a function of photon 
energy which indicates an optical bandgap of 2.0 eV. 

excitations. A 2.0 ±0.1 eV optical band gap was ex- 
tracted using plots of o? versus energy (Fig 13] inset), as- 
suming a direct gap. 

First-principles electronic structure calculations can 
provide insightful picture of crystal field splitting. We 
determined our projected density of states (PDOS) by 
the density functional theory (DFT) implemented in the 
Vienna ab initio simulations package (VASP) ^29, 30j . 
We adopted the Perdew-Burke-Ernzerhof functional re- 
vised for sohds (PBEsol) ^ in which the spin-polarized 
generalized gradient approximation (GGA) is made in 
treating the exchange correlation effect of electrons. The 
resulting PDOS is presented in Fig. H) One can clearly 
see that our theoretical results are consistent with the 
experimental data where the crystal field states follow 
Ea'^ > Ee' > Ee". Au uuambiguous assignment of 
the crystal field states and energies can be further ob- 
tained by generating Maximally Localized Wannier Func- 
tions (MLWFs) [32,] based on the ground state electronic 
structure in the selected energy window spanning all the 
crystal field states under consideration. The resulting 
MLWFs for each crystal field state are shown in Fig. |4] 
and the resulting energies are Eg' — E^" = 0.41 eV and 
Ea'^ — Ee' = 0.81 eV, which are close to the experimental 
values of 0.7 and 0.9 eV respectively. This qualitative 
agreement between experiment and theory is expected 
within the frame work of DFT. However we should be 
aware that a more proper treatment of electron-hole ex- 
citations by GW based Bethe-Salpeter method [s^ 113] 
can further improve the theoretical prediction. 



To overcome the severely underestimated band gap due 
to the delocalization error arising from the incomplete 
cancellation of the spurious self-interaction, we used the 
GGA-FU with the effective U value (Ucff=U-J) of 4.61 
eV [13] • This gives a band gap of Eg — 1.35 eV which 
still underestimates our experimental value. Again, a 
more proper treatment of self-energy by GW method will 
further bring the theoretical predictions closer to the ex- 
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FIG. 4: (Color online) Projected density of states for con- 
duction band of h-LuFeOa with theoretical ground state struc- 
ture (spa ce g roup PGscm) and MLWFs (by WIEN2k software 
package [35l |3^) with crystal field splitting states characters. 



perimental value. 

In conclusion, we have studied h-LuFeOs films using x- 
ray and optical spectroscopy. Clear dichroism observed 
in XAS is attributed to the effect of crystal field splitting 
which is found significantly larger than that of Fe'^^ in 
LUFC2O4, suggesting stronger Fe-0 interaction. A 2.0 eV 
optical band gap originated from charge transfer excita- 
tions is determined from the optical spectra. This im- 
portant information of electron structure, confirmed by 
DFT calculations will definitely benefit further studies of 
h-LuFeOg. 
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